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General.  
I n  de l a s t  two  decades  cons ide rab le  r e sea rch  e f fo r t  has  
been  devoted t o  the  s tudy  of human involvement   in
dynamic  systems.   Especial ly  human cont ro l   behavior   has  
been i n v e s t i g a t e d ,   b u t  i n  t h e  r e s t r i c t e d  sense of 
c o n t i n u o u s   r e g u l a t i n g   a g a i n s t  random d i s t u r b a n c e s ,  s o  
a s  t o  minimize the s y s t e m   s t a t e   d e v i a t i o n   f r o m  a given 
r e f e r e n c e  s t a t e .  
T h i s  paper   dea ls  w i t h  a model  of the human c o n t r o l l e r  
of a dynamic   sys tem  involv ing   no t   on ly   regula t ing  ( -  
s h o r t  term, c o n t i n u o u s ,   c l o s e d   l o o p  - ) ,  b u t  a l s o  t r a c k -  
ing  ( -  o f t e n   l o n g   t e r m ,   i n t e r m i t t e n t ,   o p e n   l o o p  - )  a 
d e s i r e d   f i n i t e   t r a j e c t o r y   i n  some opt imal   sense .  The 
l a t t e r   c o n c e r n s   c o n t r o l   b e h a v i o r   a t  a higher   mental  
level  involving  planning  (pre-programmed,  open  loop 
con t ro l )  and  dec i s ion  mak ing  ( to  de t e rmine  sequen t i a l ly  
whether or not  such a maneuver h a s   t o  be i n i t i a t e d  
and /o r  s topped) .  
I n  t h i s  paper i t  i s  assumed t h a t  t he  Human Operator 
( H O )  de r ives   i n fo rma t ion   abou t  t h e  system  from 
ins t rumen t s   and /o r   t he   ou t s ide   wor ld ;  t h i s  p i c t o r i a l  
i n fo rma t ion   p rov ides   t he  H O  ( d i r e c t l y   o r  v i a  a TV- 
camera/monitor  system) w i t h  v i sua l   cues  related t o  the 
p r e s e n t  s y s t e m  s t a t e  a n d  the p r e s e n t  a n d  f u t u r e  d e s i r e d  
s y s t e m  s t a t e .  
The model   descr ibes   bo th  t h i s  complex  visual   informat-  
i o n   p r o c e s s   ( i n c l u d i n g   a n   o p t i m a l   s c a n n i n g   s t r a t e g y )  
and the  cont ro l   and   dec is ion   making   behavior   in  terms 
of s t o c h a s t i c   o p t i m a l   e s t i m a t i o n ,   c o n t r o l   a n d   d e c i s i o n  
theory ,   p rovi 'd ing   an   t egra ted   f ramework  of a l l  
impor t an t   and   i n t e r - r e l a t ed   a spec t s  of t h e   a f o r e -  
mentioned humen c o n t r o l  task. T h i s  i s  t h e   s u b j e c t  of 
t h e  f o l l o w i n g  s e c t i o n s .  
I t  is  a n t i c i p a t e d   t h a t   t h e  model will be u s e f u l   t o  
i n v e s t i g a t e  a v a r i e t y  of man-machine sys t ems   (non l inea r  
s y s t e m s   a r e  p r e s e n t e d  by l i nea r i zed ,   t ime-va ry ing  
s y s t e m s )   e . g . ,   i n   t h e   i n c r e a s i n g l y   i m p o r t a n t   a r e a  of 
r o b o t i c s  and i n  t h e  h a n d l i n g  o f  s h i p s .  
D e s c r i p t i o n  of the t a s k  
I n   g e n e r a l ,  i t  is assumed t h a t   t h e  HO d e a l s  w i t h  a 
l inear ,   t ime-varying  dynamic  system.  Nonlinear   systems 
can be l i n e a r i z e d   i n   t e r n i s  of a t ime-vary ing   re ference  
and a ( t i m e - v a r y i n g )   l i n e a r  (small per turba t ion)   model .  
Fur thermore ,  t h e  o v e r a l l   e f f e c t  of instruments   and  the 
ou t s ide   wor ld  i s  d e s c r i b e d   i n  terms of v i s u a l   c u e s   ( y )  
w h i c h   a r e   l i n e a r l y  (or l i n e a r i z e d ) ,   b u t   t i m e - v a r y i n g ,  
r e l a t e d   t o  t h e  p r e s e n t   s t a t e   ( x ( k ) )   a n d  the f u t u r e  
d e s i r e d  s t a t e  ( x d ( k + N )  1 
y ( k )  = Hx(k) + Hdxd(k+N) ( 1 )  
Background  and d e t a i l s  of t h i s  r e p r e s e n t a t i o n  a r e  g i v e n  
i n   r e f e r e n c e  1 .  The t a s k  is  t o   a c h i e v e  a desired 
t r a j e c t o r y ,   i . e . ,   c o n t r o l l i n g  the s t a t e  x over some 
f i x e d  i n t e r v a l  of time cO,N] by r e a l i z i n g  a c o n t r o l  
s e q u e n c e ,  { u ( k ) ,  k = O , l , .  . . , N - 1  1,  which  minimizes  the 
performance  measure 
N 
i= 1 
J N ( u )  = E{ 1 ( x ( i )  - x d ( i ) ) ' Q x ( i ) ( x ( i )  - x d ( i ) )  
(2) 
+ u ' ( i - l ) Q u ( i - l ) u ( i - l ) ]  
I n  case  xd is g iven  t h i s  control   problem is  known 
( e . g . ,   g i v e n   i n   r e f e r e n c e  21, In   our   case,   however ,  Xd 
has t o  be de r ived   ( e s t ima ted )   f rom the pe rce ived   v i sua l  
cues .  T h i s  i s  t r e a t e d  i n  t h e  n e x t  s e c t i o n .  
Hman c o n t r o l  model 
Following the  o p t i m a l   c o n t r o l  model (of   cont inuous  
r e g u l a t i n g   c o n t r o l )   f o r m u l a t i o n   ( R e f .   3 ) ,  i t  i s  assumed 
t h a t   t h e  H O  pe rce ives   t he   v i sua l   cues   co r rup ted  by 
( o b s e r v a t i o n )   n o i s e   ( v ) ,   a n d   u t i l i z e s  t h i s  i n fo rma t ion  
and the ( learned)  system  dynamics t o  e s t i m a t e  t h e  s t a t e  
of  the  system ( 9 ) .  
One p a r t  of t h e   c o n t r o l   t a s k  i s  t o   r e g u l a t e   ( c o n t i n -  
u o u s l y )   a g a i n s t  random d i s tu rbances .  The r e s u l t i n g  
c o n t r o l  is  given by (Ref .   3 )   u r (k )  = S ( k ) n ( k ) ,   w h i c h  i s  
the s t a n d a r d  s o l u t i o n  of t h e  LQG-control  problem,  mini- 
miz ing  eq .  (2 )  w i t h  Xd = 0. 
Sequent ia l  dec is ion  making  
I n   o r d e r   t o   f o l l o w ,   i n t e r m i t t e n t l y ,   g i v e n   d e s i r e d   t r a -  
j e c t o r i e s ,  t h e  HO h a s   t o   d e c i d e  when t h i s  is  r e l e v a n t .  
T h i s  d e c i s i o n  p r o c e s s  i s  d e s c r i b e d  i n  s e q u e n t i a l  d e c i s -  
i o n   t h e o r e t i c a l   t e r m s ,   a s s u m i n g   t h a t   t h e  HO u t i l i z e s  
h i s  innovat ion   sequence   (n)  to de te rmine   whether  a 
s y s t e m a t i c  d e v i a t i o n  of the zero-mean sys tem process  is 
a p p a r e n t   ( d u e   t o  t h e  i n c i p i e n t   d e s i r e d   t r a j e c t o r y ) .  
T h i s  s y s t e m a t i c   d e v i a t i o n   r e s u l t s   i n  a non-zero mean 
innovat ion   sequence ,   which  i s  es t ima ted  by t h e  H O  by a 
' l o c a l '   s a m p l e  mean n which  is  i n c l u d e d   i n   t h e   s t a t e  
e s t i m a t o r  a c c o r d i n g  t o  
I 
P ( k )  = @ B ( k - 1 )  + 'i'G(k-1) + K n ( k )  ( 3 . a )  
n ( k )  = H x ( k )  - H a n ( k - 1 )  + H d i d ( k + N )  + ; ( k )  ( 3 . b )  
n ( k )  = 1 'f n ( i )   ( 3 . c )  
. 
with-  
i=k-M+l 
Assuming t h a t  i ( k ) , - c ( k - l )  and are s m a l l ,  n ( k )  can 
be used t o   d e t e c t   x d ( k + N )   a n d   t o   e s t i m a t e  x d ( k )  and t o  
r e s p o n d  t o  t h i s  d e s i r e d  t r a j e c t o r y .  
As shown i n  r e f e r e n c e  4, a g e n e r a l i z e d  l i k e l i h o o d  r a t i o  
tes t  can be performed  using a r e c u r s i v e   e x p r e s s i o n   f o r  
t h e  ( l o g  o f  t h e )  l i k e l i h o o d  r a t i o  
L ( k )  = L ( k - 1 )  + 1 n ' ( k ) N - ' ( k ) ; ( k )  ( 4 )  
where N ( k )  i s  the covariance  of   the  innovat ion  sequen-  
c e ,  by comparing t h i s  r a t i o  w i t h  a d e c i s i o n   t h r e s h o l d  
which  can be r e l a t e d  t o  t h e  accepted  (or  assumed) risk. 
T h i s  sequent ia l   dec is ion   a lgor i thm,   which   has  been  
shown in   s eve ra l   expe r imen ta l   p rog rams   t odesc r ibe  
adequa te ly  t h i s  t ype  of d e c i s i o n  making behavior ,  is 
used t o   d e s c r i b e   ( i n   t e r m s  of d e t e c t i o n  times) t h e  
i n t e r m i t t e n t   c o n t r o l   b e h a v i o r  of t r a c k i n g   t h e   d e s i r e d  
system s t a t e .  
1527 CH2344-0/86/0000-1527 $1.00 0 1986 IEEE 
Open loop  maneuvering 
Once t h e   d e c i s i o n   t o   t r a c k  t h e  d e s i r e d   s t a t e   x d ( i ) ,  
i = k ,  ..., k + N ,  i s  made, t h e  HO makes a n  o p t i m a l  ( i . e . ,  
minimal performance  index  of  eq.  (2)) maneuver,   using 
n(k) ,   which   can  be conce ived   as  a p l a n n e d   s t a t e g y   t o  
fo l low x d ( i )  and  reach  xd(k+N).  In s y s t e m   t h e o r e t i c a l  
terms t h i s  amounts t o  backwards   in tegra t ion  of t h e  
desired con t ro l   r e sponse  (from k+N t o  k )  and  then 
g e n e r a t i n g   ( f o r w a r d   i n  time) s ( k )  ( s e e ,   e . g . ,  
r e f e r e n c e  2). In   formula  
u,(k) = A(k)um(k+l )  + B ( k ) n ( k - N )  (5 )  
um(k+N) = - B ( k + N ) n ( k )  
wi th  
The ensemble mean of G ( k )  fo l lows  f rom eq .  (3 .b)  - - 
; ( k )  = H d G d ( k + N )  + H p ( k - )  ( 6 )  
where  p(k-) is t h e  e s t i m a t i o n   e r r o r   a t   i m e  k be fo re  
t h e   o b s e r v a t i o n  a t  time k i s  inc luded .  I t  can be shown 
tha t   t he   accu racy  w i t h  which t h i s  mean va lue   (and   thus  
x ) is  known is given by t h e  ensemble  covariance of 
8 k ) ,  which i s  (shown i n  r e f e r e n c e  1 t o  be) 
c o v ( n ( k ) )  = N ( k ) / M  2 N ( k ) / M  ( 7 )  
N ( k )  = H P ( k - ) H '  + V ( k )  (8 )  
and P and V the covar iances  of p and   v ,   r e spec t ive ly .  
Combining  eqs .   (51,   (6)   and  (7)  y i e l d s  t he  (ensemble) 
average maneuver  and the  ensemble  covariance  of   the 
maneuver ( v a r i a b i l i t y )  
w i t h  
- 
G m ( k )  = A ( k ) i m ( k + l )  + B ( k ) n ( k )  ( 8 . a )  
U,(k) = A ( k ) U m ( k + l ) A ' ( k )  + B ( k )  7 N ( k )  B ' ( k )  ( 8 . b )  
w i t h  which the mean and covar iance  of t h e  system 
pe r fo rmance   can ,   s t r a igh t fo rward ly ,  be computed. 
After the maneuver ( a t  time k + N ) ,  t he   sys t em  r e fe rence  
and   the   smal l   per turba t ion  model are updated.  Also  the 
d e c i s i o n  i s  made whether a n o t h e r   ( p a r t  of a )  maneuver 
h a s  t o  be executed  or r e g u l a t i n g  o n l y  i s  requ i r ed .  
Visual  scanning 
Visual   scanning i s  assumed t o  be based  on t h e  t o t a l  
system u n c e r t a i n t y  U, a c c o r d i n g  t o  
U ( k )  = t r [ Q P ( k ) l  ( 9 )  
The minimizat ion  of  t h i s  c r i t e r i o n  i s  g e n e r a l   i n   t h e  
sense  t h a t  i t  r e p r e s e n t s   a l s o   t h e  minimal r e g u l a t i n g  
c o s t  ( b y  an   appropr ia te   choice   o f   the   weight ings  Q, a s  
shown i n   r e f e r e n c e   3 )   a n d   a l s o   o p t i m a l   d e c i s i o n  
behavior (minimum d e t e c t i o n  time), which i s  shown i n  
r e f e r e n c e  5. I t  can be shown t h a t  t h e  e f f e c t  o f  l o o k i n g  
a t  time k i s  given by 
A U ( k )  = t r [ G ( k - ) N - l  ( k ) ]  (10)  
w i t h  
C ( k - )  = H P ( k - ) Q P ( k - ) H '  ( 1 1 )  
look  independent.  
N o w ,  i nd ica t ing   t he   l ook   s equence  w i t h  6 i ( k ) :  { O , l }  and 
w r i t i n g  f o r  t h e  o b s e r v a t i o n  n o i s e  c o v a r i a n c e s  (Ref. 5 )  
V . ( k )  = Vo ( k - ) / 6 . ( k )  
J j J 
w i t h  vo t he  n o i s e   l e v e l  
a t t e n t i o n ' ,   f o r   e q .  ( 1 0 )  can 
N Y  
A U ( k )  = 1 g r , ( k - ) 6 i ( k )  i = l  1 
cor responding  w i t h  'full 
be w r i t t e n  (Ref. 1 ) 
w i t h  
and p .  a diagonal   e lement  of H P H ' .  
Thus the maximum r e d u c t i o n   i n   u n c e r t a i n t y  i s  ob ta ined  
f o r  6 .  w i t h  max g r , .  
The ( ensemble )  ave rage  e f f ec t  of looking  i s  
J i i  
J J 
w i t h  Pi the p r o b a b i l i t y   o f  a t t e n d i n g   t o  i .  So t h e  
op t ima l   a l l oca t ion   o f   a t t en t ion   can  be computed v i a   an  
op t imiza t ion   p rocedure   ( e .g . ,   s t eepes t   descen t )  w i t h  
g rad ien t  expres s ion  
o r ,  by assuming a ' reasonable '   ( subopt imal )   scanning  
s t r a t e g y :  
NY 
1 i = l  1 
Pi = E { g r , } /  1 E{gr ,}  i = 1 ,  ..., NY (17) 
With r e s p e c t   t o   m a n e u v e r i n g  i t  i s  assumed tha t  the H O  
looks ahead as f r e q u e n t l y  a s  n e c e s s a r y  t o  ' r e c o n s t r u c t '  
the  d e s i r e d   t r a j e c t o r y .  T h i s  de te rmines   thescan  
f requency  of t he  pe r t inen t  cue ( s )  and  thus  ( a s suming  an  
e rgod ic   p rocess )   o f   t he   p robab i l i t y  (P,) o f   a t t e n d i n g  
t o  t h e  'maneuver ing '   cue(s ) .  
The r e m a i n i n g   a t t e n t i o n  (or r a t h e r ,   t h e   p r o b a b i l i t y   o f  
a t t e n d i n g ,  l - P m )  is  d iv ided   op t ima l ly  among t h e  o t h e r  
v i s u a l  cues a c c o r d i n g   t o   ( e . g . )   t h e   s c a n n i n g   s t r a t e g y  
of e q .   ( 1 7 ) .  
Concluding remarks 
T h i s  concludes t h e  most   impor tan t   aspec ts  of t h e  model 
of t he  human c o n t r o l l i n g  a dynamic  system. The main 
f e a t u r e  of t h e  model is  t h e  i n t e r m i t t e n t   c o n t r o l  
b e h a v i o r   d u r i n g   f i n i t e  time i n t e r v a l s ,  t h u s  i nvo lv ing  
decis ion  making  and  planning.   Another   central   e lement  
i s  t h a t   c o n t r o l  is  based on t h e   p r c e i v e d   v i s u a l  
in format ion   f r m  ins t ruments  and v i s u a l   c e n e ,  
i nc lud ing  a model f o r   v i s u a l   s c a n n i n g .   I n   r e f e r e n c e  1 ,  
i t  is  d i s c u s s e d   t o  what e x t e n t  t h e  model has  been 
va l ida ted   and  how t h e   r e m a i n i n g   c h a r a c t e r i s t i c s  of t he  
model will be v a l i d a t e d   i n  t he  contex t  of a s h i p  
c o n t r o l   t a s k .  
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